Introduction
From the viewpoint of prevention of global warming, reduction of CO 2 emissions has been an important issue for industry in recent year. In the steel industry, promotion of low RAR and low CR operation of blast furnaces is an important technical issue, as blast furnaces account for 70% of CO 2 emissions from steel works. For low RAR operation, reducing lump coke consumption, which has a high production cost, is required. However, under this operating condition, the ore-to-coke ratio (O/C) increases, and this causes various problems, such as a delayed reduction reaction of the ore and an increase in the pressure drop in the blast furnace due to expansion of the cohesive zone. Coke mixed charging in the ore layer is known to be effective for high O/C operation. At Nippon Steel & Sumitomo Metal's Hirohata Works, under-size coke (small coke) was initially applied to coke mixed charging for effective utilization of energy. 1) Next, 28 kg/t-pig and 50 kg/t-pig small coke mixed charging was carried out at Nippon Steel & Sumitomo Metal's Kimitsu and Oita Works, 2, 3) and improvement of gas permeability in the furnace bottom and reducibility were reported. Watakabe et al. studied the effect of coke mixing on the high temperature properties of the ore-coke mixed layer by an under-load-reduction test, 4) finding that the gas permeability in the cohesive layer clearly increased. In addition to that effect, it has been suggested that coke
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1) At reverse tilting and broad range charging pattern of rotating chute, granular flow to the furnace center was interrupted and mixed coke particle was distributed uniformly for the direction of furnace radius.
2) Coke segregation in mixed layer was decreased by lowering particle diameter ratio between coke and sinter. Therefore, for the improvement of coke mixed ratio in mixed layer, control of particle diameter of coke and sinter is effective.
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mixed charging also improves reducibility by decreasing the gasification temperature of the coke.
5) This is based on the principle that the reduction equilibrium point of FeO-Fe can be controlled by decreasing the thermal reserve zone temperature in the blast furnace by lowering the gasification temperature of coke. 6) There is a relation between the gasification temperature and the distance between the carbonaceous material and iron ore,; namely, the gasification temperature decreases as the distance between the carbonaceous material and iron ore decreases. Since coke mixed charging reduces the distance between the carbonaceous material and iron ore, this type of charging is expected to be more effective for promoting reduction of iron ore than the conventional layer-by-layer charging.
To obtain the maximum effect of coke mixed charging, it is important to charge burden materials of different particle sizes and densities to the necessary position in the required amounts. However, because burden material is a granular body, segregation due to differences in particle diameter and particle density is unavoidable. Some experimental results and quantitatively arranged models have been reported in this connection. For example, Kondo et al. 7) studied the segregation behavior of ore particles at the furnace top by using Miwa's segregation model, 8) which is applicable to particle size segregation, and Okuno et al. 9) developed a model that considers the change in particle size segregation caused by the deposition of burden materials based on the results of experiments and measurements in the blast furnace. Sunahara et al. 10) quantified the particle segregation process at the furnace top experimentally and developed an original mathematical model which considers the influence of the particle diameter and density on segregation. Matsuzaki et al. 11) investigated particle diameter and density segregations by experiments and numerical simulation based on the Discrete Element Method (DEM). 12) However, there are few studies 5) on the burden profile and coke segregation behavior, and further quantitative study is necessary for control of the burden distribution under coke mixed charging operation.
The authors, therefore, developed a calculation model based on DEM, which makes it possible to estimate the burden profile and burden distribution under various conditions, and investigated various charging patterns in order to achieve coke mixed charging.
Development of Burden Distribution Model Based
on DEM 2.1. Outline of DEM According to DEM, Newton's equations of motion are applied to the whole particle to be analyzed, and the trajectory of each particle is calculated by numerical integration. In DEM, particles are generally modeled as a soft sphere. 13) In order to calculate the contact force between particles in this model, overlap between particles with contact is permitted, and the overlap is treated as deformation of the particles. The acceleration, velocity and displacement of each particle are calculated by this contact force. Therefore, DEM is easily applicable to analysis of multiple collisions in a granular body. The motion of each particle consists of translation and rotation. Assuming that translational motion depends on gravity and the contact force between two particles or between a particle and a boundary, and rotational motion depends on the contact force, the equations of motion for translation and rotation for each particle are as shown in formulas (1) and (2) . , the moment of inertia of the particle [kg·m 2 ], the mass of the particle [kg], the torque of the particle received as a result of contact force [N·m] and the angular velocity vector of the particle [rad/s]. The contact force F c is required to solve formulas (1) and (2) . In DEM, the Voigt model shown in Fig. 1 is adopted as the contact model to obtain F c . The Voigt model consists of a spring and dashpot, which mean elasticity and viscous damping. The contact force is calculated by inserting the Voigt model in the normal and tangential direction between particles and adding a slider, which represents the friction effect, to the tangential direction. Since the contact force, particle mass and moment of inertia are known, formulas (1) and (2) can be solved, and acceleration and angular acceleration are obtained. Velocity and angular velocity are calculated by integrating these formulas with time. Further integration gives the amounts of displacement and rotation and the trajectory of the particle.
Calibration of Calculation Parameters
To calculate deposition state of burden materials by DEM, it is necessary to determine the parameters in the contact force model shown in Fig. 1 . The fluidity and rolling behavior at the burden surface after charging of the burden materials is determined by the coefficient of rolling friction of the particles. In this study, torque, expressing the effect of the rotational friction of the particles, was assumed to be described by the following formula (3), 14) τ µ ω ω Where, μ r , F n , R i denote the coefficient of rolling friction [-] , the normal direction contact force acting on the particle [N] and the distance from the center of gravity of the particle to the contact point [m], respectively. When μ r is determined, it is possible to calculate the rotational friction acting on the particles. However, since the shapes of actual coke and ore particles are not uniform, it is difficult to measure μ r , directly. Therefore, in this study, the angle of repose of granular material, which is greatly affected by μ r , was calculated by DEM. μ r was successively changed, and the calculated result of the angle of repose was fitted to the reported value 15) in order to determine μ r indirectly. Figure 2 shows the calculation domain for calculating the angle of repose by DEM, and Table 1 shows the material properties of the coke and sintered ore used in the calculation. In determining μ r , the coefficient of static friction was determined beforehand by the following method. Particles were packed in the rectangular vessel shown in Fig. 3 , and were discharged from one end of the vessel by free fall, while other particles were charged into the vessel from a hopper at the top of the vessel. These operations were carried out continuously to form a layer in which the particles were stationary in a packed bed. It was assumed that the rotational motion of the particles flowing down through the packed bed is weaker than that when the particles flow down on the burden surface and the influence of rotational friction is low. The coefficient of static friction shown in Table 1 were determined by keeping μ r low and fitting the angle θs of the stationary layer to the reported value. μ r was determined as follows. First, as shown in Fig. 2(a) , 4 300 particles with a diameter of 200 mm were packed in a rectangular vessel of 7 000 mm × 1 500 mm × 5 000 mm. Next, a hole of 1 000 m × 1 500 mm was made one end of the vessel, and particles were discharged. Then, after movement of the particles in the vessel stopped, the angle of repose was calculated as shown in Fig. 2(b) . Figure 4 shows the calculated results of the angle of repose. Both coke and sintered ore have larger angles of repose as the coefficient of rotational friction increases. The measured values of the angle of repose 16) were represented by average values because there was variation in both the coke and sintered ore. The coefficients of rotational friction of the coke and sintered ore were determined to be 0.04 and 0.03, respectively, by comparing the calculated results and reported values.
Development of Burden Distribution Model Based on DEM
The deposition state of the granular materials was calculated by using the determined coefficient of rotational friction μ r , and the result was compared with the experimental result. Figure 5 shows a schematic diagram of the experimental apparatus. Coke (simulated by pumice) and sintered ore were used as the sample materials for charging. The particle sizes of the samples were sized within the range of 2.8-4.0 mm for coke and 1.4-2.0 mm for sintered ore. The apparent densities of the samples were 700 kg/ m 3 for coke and 3 300 kg/m 3 for sintered ore. First, coke and sintered ore were charged from a vibrating feeder at a position 51 mm from the left end of the rectangular vessel shown in Fig. 5 . The charging rates were 2.0 × 10 − 4 kg/s for coke and 6.5 × 10 − 3 kg/s for sintered ore, and the charging time was 7.7 s. After charging, the charging position was moved 12.7 mm toward the right end of the vessel, and coke and sintered ore were charged again. This operation was repeated 18 times from the left end of the vessel to the position of 267 mm. The deposition profile after charging was measured by using a laser displacement sensor. To measure the distribution of the coke mixing ratio, 8 cylinders 30 mm in diameter were inserted into the deposition surface in the width direction of the vessel, and samples were collected. Then, the collected samples were separated into coke and sintered ore by a gravity separation method with a sodium polytungstate solution, and the weights of each were measured. In the DEM calculation, the particle sizes of the coke and sintered ore were the average values of the screen mesh (coke: 3.4 mm, sintered ore: 1.7 mm) in the experiment. After the calculation, the calculation domain was divided at intervals of 30 mm in the width direction of the vessel. Then, since the calculation domain was rectangular and the shape of the vessel in the depth direction (y direction in Fig. 5 ) was uniform, the total weight of coke and sintered ore contained in each area was calculated and the distribution state of the coke in the width direction (x direction in Fig. 5) was analyzed. Figure 6 shows the distribution of the surface profile in the width direction of the vessel. The DEM calculation result was in good agreement with the experimental result. To compare the segregation behavior in the sintered ore layer, the relative segregation index 11) S index shown in formula (4) was applied to both the experimental and calculation results, and the distribution of S index in the width direction of the vessel was obtained. When S index is equal to 1, the mixed coke is not segregated, whereas when it is larger than 1, the mixed coke is partially segregated. Fig. 7 . Although the calculation and experimental results were almost in agreement. S index trended larger in the calculated results than the experimental results. In the calculation, S index was calculated by collecting all the particles contained in each divided region in the vessel. On the other hand, in the experiment, since the samples were collected by inserting cylinders, it was impossible to collect the coke that flowed into the wall side of the vessel. This difference in the sampling procedure is thought to explain the difference between the calculated and experimental results. However, in both cases, the tendency that S index was larger near the left end of the vessel and approached 1 from the position of 45 mm from the left to the right agreed quantitatively. This result confirmed that the surface profile and the segregation behavior of granular materials with different particle sizes and specific gravities can be estimated by this model.
Investigation of Coke Mixed Charging Technique
Since segregation begins when coke and ore are mixed, it is impossible to prevent separation when coke and ore are mixed while being conveyed to the blast furnace or before charging into the furnace. Therefore, coke mixed charging is carried out by simultaneous charging from top bunkers to minimize the time between mixing and charging as much as possible. 4) Since separation of mixed coke on the burden surface is assumed after charging, advanced burden distribution control is required to obtain the set coke mixing ratio. In this section, focusing on the segregation of mixed coke in the coke mixed layer on the burden surface, the tilting condition of the rotating chute and the influence of the particle diameter ratio of the coke and sintered ore are evaluated by DEM.
Influence of Tilting Condition of Rotating Chute on Coke Mixing Ratio
The influence of the tilting condition of the rotating chute on the segregation of mixed coke in the coke mixed layer was investigated by DEM. Here, the tilting condition refers to (1) tilting direction of the rotating chute and (2) charging range (tilting angle range of the rotating chute) when charging coke and sintered ore into the furnace. The former condition consists of the two methods of tilting the rotating chute from the furnace wall to the center (conventional tilting) and tilting from the center to the wall (reverse tilting). However, the latter includes many charging conditions due to the combination of the tilting angle range of the rotating chute and the number of rotation. The tilting directions considered in this study are conventional and reverse tilting, and the tilting angles are the two conditions of a wide angle (0.35 to 0.87 rad) and narrow angle (0.56 to 0.86 rad). The tilting rate was fixed at 2.1 × 10 − 2 rad/s when the tilting angle was wide and 1.2 × 10 − 2 rad/s when the angle was narrow. Calculations were carried out for an experimental charging model with a scale of 1/17.8 of the actual dimensions. Since calculating for the entire circumferential direction of the blast furnace would increase the calculation load due to the increased number of particles, a part of the burden surface was treated as the calculation domain, and the tilting was given as the operational condition without considering the rotation of the chute. The calculation domain is shown in Fig. 8 . The calculation domain was set by providing a slope simulating the coke deposition surface in a rectangular domain with a depth of 85 mm and a width ( = R 0 ) of 300 mm. To decrease the calculation load, the process from the top bunker to the tip of the rotating chute was excluded from the calculation object. Particles were charged at an initial velocity of 2.0 m/s in a direction perpendicular to a virtual area of 41 mm × 77 mm in size provided at the tip of the rotating chute. The calculation was carried out only for one ore batch. The coke mixing ratio was 100 kg/t-pig. Coke and sintered ore were charged continuously while the rotating chute was tilting. The charging rates were 3.8 × 10 − 3 kg/s and 6.3 × 10 − 2 kg/s, and the particle size were 8.5 mm and 2.4 mm, respectively. The assumed charging conditions were cases of reverse tilting and wide charging angle (Case 1), conventional tilting and wide angle (Case 2), reverse tilting and narrow angle (Case 3) and conventional tilting and narrow angle (Case 4). Figure 9 shows the burden surface profile and the perspective view of the mixed coke corresponding to Cases 1, 2, 3 and 4. In Cases 2 and 4 (conventional tilting), much of the coke flows into the center and the coke mixing ratio clearly decreases in comparison with Cases 1 and 3 (reverse tilting). Therefore, Cases 1 and 3, which are the cases assuming reverse tilting, will be investigated below.
In Case 3, it was found that the slope of the burden surface becomes steep compared to Case 1. This is because, in Case 3, the charging range was narrow and the layer thickness of the mixed layer became thicker. In addition, in Case 3, there was more segregated coke in the center than in Case 1. To investigate these conditions, Fig. 10 shows the distribution of the residence time of each coke and sintered ore particle (elapsed time after each particle was charged). In Case 3, the burden materials were deposited while forming a skirt near the center. On the other hand, the deposition shape in Case 1 was formed over time from the center to the wall side. The burden profile became steep and the deposition shape formed while flowing in the center in Case 3. In contrast, in Case 1, since the charging range was set wider and more from the center, the vertex of the burden profile was always located closer to the center than the falling point of the burden materials, so that the flow into the center was suppressed. Figure 11 shows the distribution of the relative segregation index S index in the radial middle part (0.2 ≦ r/R 0 ≦ 0.8, /R 0 : dimensional radius). From Fig. 11 , in Case 3, it can be seen that the relative segregation index S index deviated from 1, which is the appropriative value. On the other hand, in Case 1, S index showed a uniform distribution and approached 1, and the mixing state was good. Figure 12 shows the mean value of the rolling distance of the particle on the burden surface non-dimensionalized by the furnace throat diameter for different charging ranges in the case of reverse tilting. From Fig. 12 , it can be seen that the rolling distance of the particle decreased as the charging range expanded. In general, when granular material having a particle size distribution rolls on a slope, the phenomena of percolation 8) is observed, in which small particles pass downward ("percolate") through the gaps between the larger particles and reach the lower layer, while large particles float up to the upper layer. As a result, the large particles which have moved to the upper layer flow on the slope and segregate to the slope skirt. According to Miwa, 8) segregation by percolation increases as the rolling distance of the particles increases. In Case 3, the steep slope of the burden surface made it easier for the burden materials to flow to the center compared to the pattern of Case 1.Therefore, the rolling distance of the burden materials increased, and percolation of the sintered ore occurred because the particle size of the ore was smaller than that of coke. In this case, the coke tended to segregate in the center. As a result, it is considered that the coke mixing ratio at the intermediate portion in the radial direction increased, causing an un-uniform distribution of S index like Case 3.
From the above, reverse tilting charging with a widened charging range is effective for uniformlizing the coke mixing ratio in the radial direction of the coke mixed layer.
Influence of Particle Diameter Ratio of Coke and
Sintered Ore on Coke Mixing Ratio The effect of the particle diameter ratio of the mixed coke and sintered ore on the mixing property was investigated by DEM. As mentioned above, in addition to the lump coke, nut coke is mixed in the ore layer for the purpose of improving gas permeability and reactivity. In this section, the mixing behavior of the lump and nut coke are evaluated. The calculation domain was the same as the rectangular vessel used in 3.1. Table 2 shows the particle diameter and diameter ratio of the lump coke, nut coke and sintered ore in this calculation. As shown in Table 2 , the four conditions of Cases A, B, C and D were considered. The coke mixing ratio was set to 60 kg/t-pig, and the charging rates of the coke and sintered ore were 2.3 × 10 − 3 kg/s and 6.3 × 10 − 2 kg/s, respectively. The burden materials were charged continuously while the rotating chute was tilting. The charging condition was Case 1 with reverse tilting and a wider range of charging, which showed the best result of coke mixing in 3.1. Figure 13 shows cross-sectional views of the coke mixed layer and the perspective views of the mixed coke when lump and nut coke are mixed in the sintered ore. Segregation decreased with a decreasing particle diameter ratio for both lump and nut coke, and the amount of coke separated in the center decreased.
To evaluate the segregation of the mixed layer in the layer thickness direction, the direction orthogonal to the slope at the middle of the calculation domain was defined as the thickness direction as shown in Fig. 14 . The mixed layer was divided into three layers in the thickness direction, and the relative segregation index S index (formula (4)) in each divided layer was calculated. Figure 15 shows the relationship between the relative distance from the bottom Fig. 12 . Relationship between burden charging range and burden rolling distance. of the mixed layer and S index . S index of both the lump coke and nut coke tended to decrease at the top of the mixed layer. As the particle diameter ratio decreased, the distribution of S index in the thickness direction became uniform and approached 1. This is due to percolation of sintered ore in the burden materials after falling down on the burden surface. As shown in Fig. 16 , the burden materials are initially mixed and charged homogeneously. However, immediately after falling onto the burden surface, the smaller sintered ore flows through the gap between the coke particles and reaches the lower part of the layer, while the larger coke floats to the upper part of the layer. The coke then roll on the burden surface and segregates to the lower part of the sedimentary layer. On the other hand, when the particle diameter ratio decreases, percolation of the sintered ore after falling is unlikely to occur. Therefore, it is considered that the segregation of coke was suppressed and the distribution of S index in the layer thickness direction became uniform. From the above, it was shown that the particle diameter ratio of coke and sintered ore greatly influences the segregation of coke in the thickness direction of the mixed layer. Therefore, it is considered that control of the particle of mixed coke with respect to the particle diameter of the sintered ore is effective for uniformizing the coke mixing ratio.
Conclusion
To establish low RAR blast furnace operation by high ratio lump coke mixed charging, the influence of various charging conditions on coke mixing behavior was investigated by numerical simulation based on DEM. The findings obtained are summarized below.
(1) The calculation parameters of the DEM were fitted to the reported values of the angle of repose. The deposition profile of the granular materials and the distribution of the particles in the sedimentary layer were calculated by using the obtained parameters, and the validity of the calculation results was then confirmed by comparison with the experimental results.
(2) The influence of the tilting direction and charging range (tilting angle) of the rotating chute on the segregation of coke in the mixed layer was investigated. It was confirmed that the flow to the furnace center was suppressed by widening the tilting angle of the rotating chute and using reverse tilting, and segregation of coke in the radial direction was also suppressed.
(3) The effect of the particle diameter ratio of the coke and sintered ore on the segregation of coke in the mixed layer was investigated. DEM calculations confirmed that segregation was suppressed as the particle diameter ratio of the sintered ore and coke decreased, and as a result, the coke mixing ratio in the thickness direction of the mixed layer became more uniform. Therefore, particle size control of sintered ore or mixed coke is effective for unifomizing the mixing ratio. Suppression of coke segregation in the layer thickness direction by optimization of the charging method and charging conditions are subjects to be studied in the future.
